Background: The isochore, a large DNA sequence with relatively small GC variance, is one of the most important structures in eukaryotic genomes. Although the isochore has been widely studied in humans and other species, little is known about its distribution in pigs.
Introduction
A number of studies [1] [2] [3] [4] have revealed that eukaryotic genomes of warm-and cold-blooded vertebrates, and even a few plants, are mosaics of isochores. The term isochore refers to a relatively long DNA segment (above 300 kb on average) that has a fairly homogeneous (either GC-rich or AT-rich) base composition (above 3 kb in size), as well as sharp boundaries with neighboring isochores [2, 5] . According to different levels of GC content, isochores can be assigned to a number of families. Although the origin of isochores has not yet been fully clarified, some evidence indicates that the isochore structure is closely connected with chromosome bands, as well as many important biological properties including gene density, repeat sequence distribution, CpG distribution, and replication timing [2] . Hence, the isochore pattern greatly increases our appreciation of the compositional heterogeneity and the complexity of eukaryotic genomes [6] and is now widely recognized as ''a fundamental level of genomic organization'' [7] .
Two of the foremost problems in isochore research are the identification of isochore boundaries and the definition of homogeneity; hence, a variety of isochore assignments have been proposed to resolve the two issues [8] [9] [10] [11] [12] [13] [14] . However, assignments of the sa'me sequence occasionally differ among the different methods [15] , since the criteria for isochore homogeneity vary widely among these methods. As a result, some isochore-like regions, which have somewhat less-constant but significantly more-heterogeneous GC contents relative to the adjacent regions, may be neglected by some methods. To better understand the compositional features of the genome, the method of non-overlapping long homogeneous genome regions (LHGRs) [16] is proposed to reflect homogeneities and heterogeneities, not only in the isochores, but also in the isochore-like regions in each chromosome.
The pig (Sus scrofa) is an economically important species and is an excellent medical model for humans due to the extensive similarities between the two species. Early studies [17, 18] that employ compositional DNA fractionation and in situ hybridization have shown that the pig genome is compositionally similar to the human genome. The pig genome also has isochores belonging to the five known families [2, 10] , however, further details about the isochore pattern, such as numbers and boundaries at base resolution, have not yet been determined. Luckily, the availability of a high coverage (46) assembly of the pig genome released in September 2009 now provides an unprecedented chance to explore novel compositional features in the pig genome.
The goals of this study are: (1) to evaluate the LHGR architecture and pattern in the pig genome, (2) to compare the compositional heterogeneities between the pig and human genomes, and (3) to identify the relationship between LHGRs and gene/repeat density. Here, we initially determine the locations of 2,491 LHGRs in the pig genome, as well as 2,568 LHGRs in the human genome. All pig LHGRs are then classified into isochores and isochore-like regions. Thereafter, we describe the architecture of the LHGRs in each chromosome by z' curves [19] to simultaneously reveal the gradual and abrupt LHGR boundaries. By examining the LHGR patterns, including the proportions and size distributions of the five LHGR families, we find some compositional features displaying the same patterns as in warm-blooded vertebrates. Relatively similar LHGR patterns between pigs and humans provide evidence of the compositional similarity between the two species. Moreover, we find the evidence of the correlation between LHGRs and some biological sequences, such as genes and LINEs, which have been observed experimentally in portions of pig chromatins [17] .
Results

z' curves for 19 pig chromosomes
In comparison to traditionally sliding-window-based method [2] , z' curve is a windowless tool used to illustrate intuitively the GC content fluctuations in a sequence. Deviation of any point from the z' curve is inversely proportional to the GC content of the corresponding site in a sequence [19] .
The z' curves of pig chromosomes (Figure 1 and S1) indicated that the GC content along the chromosomes were heterogeneous, inasmuch as each curve underwent dramatic fluctuations. However, in these curves, there were some regions that approximately fit straight lines, indicating that these regions had nearly constant GC contents. Such regions could be regarded as isochores, whereas other regions that showed pronounced fluctuations could be regarded as isochore-like regions [20] . In fact, when the curves were divided into sufficiently small segments, they could be considered as approximately straight lines; the regions corresponding to the straight lines were then referred to as LHGRs ( Figure S1 ). Therefore, non-overlapping LHGRs along each chromosome were comprised of isochores and isochore-like regions (see detailed classification of LHGRs in Materials and Methods).
According to the slopes of the straight lines on z' curves, all of the LHGRs could be divided into two types: AT-LHGRs and GCLHGRs. As shown in Figure 1 , a negative slope represents a higher GC content in one LHGR compared to the average GC content of the chromosome. Thus, LHGRs with negative slopes were designated as GC-LHGRs, whereas those with positive slopes were designated as AT-LHGRs [4] .
LHGR mapping
In the present study, GC-Profile [11] was applied to divide the genome into LHGRs using the segmental halting parameter (t 0 ) and the minimum length (i), which were equal to 100 and 300,000, respectively (see Materials and Methods). The two parameters were chosen because the plots of the average standard deviations (SD) of the GC content against t 0 and i (Figure 2 ) indicated that their SD values increased following an increase in the GC content of the family, but dropped when the t 0 and i values were 100 and 300,000, respectively.
As a result, a total of 2,491 LHGRs were identified in the pig genome (Table 1) , as well as 2,568 LHGRs in the human genome. Furthermore, 1,204 LHGRs, nearly half of the pig LHGRs, were classified as GC-LHGRs, and the rest were classified as ATLHGRs (Table S1 ).
The distribution of compositional differences (DGC) between adjacent LHGRs in the pig genome was tested and an obvious skewed distribution was found in each family. As shown in Figure  S2 , the DGC value was asymmetrical, with dispersion skewed to the lower side of the median. The average DGC of the LHGRs was 4.24% in the pig genome and 3.83% in the human genome.
Isochore mapping
The homogeneity of the GC content in each LHGR was evaluated by an index h [4] , defined by the division between GC content variances of the LHGR and the host chromosome where the LHGR was located. As a result, 342 LHGRs were classified into isochores, while 2,149 were classified into isochore-like regions (Table S1 ). The h values of the isochores varied from 0.0015 to 0.1989; in contrast, the corresponding values of isochore-like regions ranged from 0.2022 to 3.5842. Of the 342 isochores, 80 were greater than 1 Mb in length, and the longest was 6.18 Mb. In addition, 151 of the identified isochores belonged to GC-poor families, whereas 191 belonged to GC-rich families. Table 2 lists 24 isochores in chromosome 16. More information, including the h value, length, and classification of each LHGR, is listed in Table S1 .
LHGR pattern: the relative numbers
When all the LHGRs in the pig and human genomes were pooled in bins of 0.5% GC content, the two species showed a high degree of similarity in the distribution of the five LHGR families; i.e., there was a regular decrease in the GC distribution of the LHGRs from GC-poor to GC-rich families. In Figure 3 , the L2 and H1 families dominated the LHGRs, while the H3 LHGRs were scarce. In comparison to the human genome, the pig genome had a higher percentage of GC-rich LHGRs (see also Table 3a ).
LHGR pattern: the size
LHGRs vary in size following the fluctuation of GC content. The strongly skewed size distributions of the LHGRs (Figure 4 ) in pigs and humans showed not only similarities but also differences between the corresponding LHGR families. The particular differences are the followings: (1) a smaller size (,1 Mb) and a narrower size distribution of the GC-rich LHGRs; and (2) a larger size (.3 Mb) and a wider size distribution of the GC-poorest LHGRs. The longest LHGR in pigs was localized in the chromosome 3 and was 8.08Mb in length (Table S1 ). Furthermore, the average size (0.91 Mb) of pig LHGRs was much shorter than that (1.20 Mb) of human LHGRs (Table 3b ).
Compositional distribution of pig genes
An association between gene density and GC content variation was recognized. In the study by Federico et al. [17] , due to a lack of accurate isochore pinpointing, the gene densities in the pig isochores were examined indirectly using GC3 (the GC content at the third codon position). When the same GC3 criteria [17] , i.e., Figure 2 . Plots of the SD value of the GC content within each LHGR family against t 0 and i. Plots are shown for all of pig LHGRs, produced under the given threshold and partitioned into five families according to GC contents. Colors and labels of these curves stand for different i values and families, respectively. Among all the LHGRs, the H3 family has the greatest SD variation. When both t 0 and i are set to smaller values in the H3 and L1 families, larger SD values are observed. doi:10.1371/journal.pone.0013303.g002 L1 (GC3 %,37.5), L2 (37.5#GC3 %,50), H1 (50#GC3 %,65), H2 (65#GC3 %,80), and H3 (GC3 %$80), were applied to classify the LHGR families, the following result was observed: the pig gene density varied from very low in GC-poor families to very high in GC-rich families (Figure 5a ). This conclusion was in accordance with the previous results reported for a considerable number of warm-blooded and cold-blooded vertebrate genomes [2, 17, 21] . However, the correlation (r 2 = 0. 35, p,10 26 ) between the gene GC3 and the host LHGR GC content showed that GC3 is somewhat an accurate index to assess the GC content of LHGRs ( Figure S3 ), which is inconsistent with the report of Elhaik et al. [22] . To circumvent such possible problem, the compositional features of the pig genes were re-examined using the real GC contents of host LHGRs instead of the GC3. As shown in Figure 5b , the progression of gene density from GC-poor families to GC-rich families did not show the same smooth ascent as seen in Figure 5a . Furthermore, two t-test results showed that the gene densities in certain GC content ranges, H2 (50%-51%) and H3 (54%-55%), were significantly (both p, 10 26 ) higher than in other ranges. Although the highest density still appeared in the H3 family, in accordance with the classification of all of the genes into the host LHGRs families, the number of genes residing in the H3 family was significantly (p,10 26 ) fewer than in other two GCrich families ( Figure S4 ).
Density of repeats in LHGRs
The densities of Alu and LINE repeats vary with the changes in the GC content of isochores [23] . To investigate whether or not this relationship was also applicable to LHGRs, the variations in LINE density along LHGRs were analyzed in detail, whereas the Alu repeats were ignored because of the fewer number of data sets for the pig Alu repeats in Repbase [24] . As shown in Figure 6 , the LINEs were frequent in L1 LHGRs, but practically absent in H3 LHGRs (r 2 = 0.93, p,10
26
), and the results followed the patterns previously found in isochores.
Discussion
One challenge in the partition of complex eukaryotic genomes based on GC content is to find a set of parameters suitable for coping with the significantly different levels of GC fluctuations in the GC-rich and GC-poor regions. To reduce the fluctuations in GC content within each family, the SD value of the GC content in each LHGR family was first analyzed against the two important parameters (t 0 and i ) in the GC-Profile, after which the parameters that could produce the minimum SD value in each family were chosen. Thereafter, the GC difference between adjacent LHGRs was tested. The average DGC of the human LHGRs (3.83%) nearly reached the value (3.90%) obtained through the window method from Costantini et al. [10] . This result confirms the reasonability of the segmentation method on LHGRs used in the present study.
The number of LHGRs reflects the extent of homogeneity in a chromosome. In our study, the pig chromosome 12 is longer than chromosome 17, even though both chromosomes are divided into 71 segments (Table 1 ). This implies that chromosome 12 has a higher homogeneity than chromosome 17. Accordingly, the z' curve of chromosome 17 should fluctuate more substantially than that of chromosome 12. Indeed, this was confirmed by our z' curve assay (Figure 1) . The search for isochore patterns involves the assessment of two properties in each isochore family: the relative number and the average LHGR size. Analysis of these key LHGR characteristics reveals that the LHGR patterns in both the pig and human genomes follow the conservatively evolutionary isochore pattern, and display the general compositional pattern in mammalian genomes [17] . Both the distributions of relative number and average size of each LHGR family show a steady decrease from GC-poor families to GC-rich families. On average, a higher GC content in the pig genome (42.48%) was observed compared to the human genome (41.55%); however, the GC content of each LHGR family in the two species is relatively conserved (p,0.05). These conserved patterns may indicate some special functions relevant to chromatin structure [25] . Indeed, the number of LHGRs (2,568) estimated for the human genome is in agreement with the maximum number (3,000) assessed by Yunis et al. [26] using experimental methods of high resolution bands. The high proportion of GC-poor LHGRs is seemingly due to the preferred insertion of interspersed repeated sequences in these families, as well as the sequence expansion phenomena [26] . Moreover, the GC-skewed repeats also appear to explain the larger size and larger spread of the GC-poor LHGRs families (Figure 4) . The presence of large gaps (more than 1% of the chromosome) in the human genome, but not in the pig genome, may also give rise to the long tail in the size distribution of human L1 LHGRs (Figure 4) , which is virtually absent in the pig L1 LHGR distribution. This implies that more complete sequence data will be needed to obtain a reliable comparison of the size of the GCpoorest LHGRs between the pig and human genomes.
The conservation mode of isochore evolution was originally explained by ''negative selection acting at a regional (isochore) level to eliminate any strong deviation from the presumably functionally optimal composition of isochores'' [27] . An alternative proposal for the formation and maintenance of isochores, which states that ''biased gene conversion (BGC) is probably the most likely cause of isochores'' [7] , is probably more reasonable but requires further confirmation. However, the existence and the importance of BGC are not disputed.
In this study, the gene density pattern of LHGRs in the pig genome is found to be identical to the pattern of isochores found in many other species [2] ; i.e., there is a regular increase from GCpoor to GC-rich LHGRs ( Figure 5 ). Despite of a much higher gene density in GC-rich than in GC-poor LHGRs, a relatively low gene density is found in the GC-richest LHGRs (see GC content from 55% to 64% in Figure 5 ). In addition, two peaks of gene density are present: i.e., one peak resides in the GC-content of 50%-51% and the other in 54%-55%. A classical explanation for the high gene density in the GC-rich region is a direct consequence of BGC [28] [29] [30] . GC-bias in the mismatch repair machinery often leads to gene conversion bias favoring GC-alleles to AT-alleles and, thus, a high level of recombination should be GC-rich [31] [32] [33] . In addition, when gene transcription promotes DNA recombination [34] [35] [36] , gene regions should be more subject to BGC and thus have a higher GC content. However, the highest GC content region does not have the highest gene density: What factors then lead to this contradiction? One possible explanation is that the time and energy consumption of gene transcription is too high for the organismal body when the gene region has an exceedingly high GC content [37, 38] . Hence, according to the time-and energy-saving organization of the genome, a high GCcontent region often does not represent a high gene density. Therefore, based on the previous two explanations, a high gene density resides in a high GC content region, rather than the highest GC content region. However, this model can only account for one of the two gene density peaks in the GC-rich region (54%-55%), and the other peak of gene density locating in a slightly biased GC-rich region (50%-51%) needs to be further explained. To our knowledge, some authors [39, 40] proposed that GC content is positively correlated with the gene expression level, while others [41] [42] [43] reached a distinct result: GC content is weakly positively or even negatively correlated with gene expression. The two entirely different conclusions were probably due to the slightly biased GC-rich region (50-51%). Hence, we hypothesize that the GC content and gene density are both correlated with the gene expression levels, and the other peak of gene density is constrained by the gene expression levels in the Figure 6 . LINE density in LHGRs. A total of 120,870 LINEs were applied to the study of LINE density, which was calculated based on a 1 Mb non-overlapping sliding window. The straight line indicates the regular decrease in LINE density from GC-poor to GC-rich LHGRs. doi:10.1371/journal.pone.0013303.g006 slightly biased GC-rich region. However, even though this hypothesis may be true, we still know little about the two peaks of gene density in the corresponding GC content regions. We hope that further research on these scenarios would be carried out in the near future to identify the reasons for the generation of the two gene density peaks.
In addition, the small number of pig genes concentrated in the GC-rich LHGRs suggests that GC-rich LHGRs may be more likely to harbor genes. Consequently, LHGRs or isochores could be used for in silico gene identification. The same is true for the prediction of repeats. Furthermore, repeat identification could be improved by considering LHGRs instead of moving windows, since repeats depend heavily on the GC content of the LHGRs. In fact, Carpena et al. [44] showed that the predictive effect of the coding proportion in a sequence is better when isochores, rather than moving windows, are used. Related gene prediction tools, such as ZCURVE [45] and GS-Finder [46] , have been developed and were found to perform well.
Materials and Methods
LHGR and isochore assignments
The high-coverage Sscrofa9 assembly for chromosomes 1 to 18 and X of the pig genome was downloaded from the Ensembl database (http://www.ensembl.org/index.html, version 56, released in Sep. 2009), while the human genome was downloaded from UCSC (http://hgdownload.cse.ucsc.edu/goldenPath/hg18/ chromosomes/). The genome sizes for the pigs and humans are 2.26 and 3.08 Gb, respectively. A PERL script was written to calculate the GC content of each pig chromosome.
The GC boundaries of each LHGR family were defined according to Bernardi's proposal [10] : two types of GC-poor LHGRs -L1 (,37%) and L2 (37%-41%), and three types of GCrich LHGRs -H1 (41%-46%), H2 (46%-53%), and H3 (.53%).
A windowless tool, GC-Profile (http://tubic.tju.edu.cn/GCProfile/) [11] , was applied to provide an intuitive survey of the heterogeneity in the pig genome through z' curves [19] based on the Z curve method [47, 48] . At the same time, GC-Profile recursively partitioned the input sequence into two subsequences, left and right, by searching for the position producing the maximum quadratic divergence DS(P l ,P r ) based on the genome order index S(P). The definitions of the two values are described as follows: DS(P l ,P r )~w 1 S(P l )zw 2 S(P r ){S(w 1 P l zw 2 P r ), S(P)~a 2 zc 2 zg 2 zt 2 , where w is the weight coefficient, and a, c, g, and t represent the frequencies of the four nucleotide bases A, C, G, and T, respectively. The segmentation procedure was continued until the halting parameter was less than the given threshold t 0 , or the resulting sub-sequence was shorter than the given minimum length i. In this work, a total of 24 groups of t 0 and i were used in GC-Profile to divide the pig genome. For each group of resulting LHGR families, the average standard deviation (SD) of the GC content was calculated, and both t 0 and i were determined according to the plot variances of the SD values. In addition, to emphasize the overall compositional characteristics of a chromosome, gaps shorter than 1% of the chromosome were ignored, the others were reserved, and then the segmental algorithm was applied to the contigs, which were the original sequences segmented by those unfiltered gaps.
The GC content variance of a LHGR was measured by the homogeneity index h [4] , defined by h~d LHGR =d chromosome , where
where z n and k denoted the distribution of base and the slope of the fitted straight line, respectively. If h is far less than 1, the GC content of the LHGR could be considered relatively constant compared to that of the whole chromosome. Only when h~0 can the GC content of the LHGR be considered absolutely constant. Accordingly, the lower the h value is, the higher the homogeneity of the LHGR becomes. In this study, the h values of isochores were found to be less than 0.2, which is consistent with the study of Zhang et al. [4] .
Analysis of Compositional Distribution of Genes
A total of 2,785 pig protein-coding gene annotations and sequences were retrieved from Ensembl 56 using a BioMart tool [49] , and the GC3 of each gene was calculated. The genes and LHGRs were then assigned window numbers according to their locations when a 1 Mb non-overlapping window slid along the chromosome. The compositional distributions of the pig coding genes were determined by the two indices: the GC3 of the genes and the GC content of the host LHGRs. Whichever index was chosen, the gene density was defined as gene number per Mb window.
Identification of repeats in LHGRs
Repeat information in LHGR sequences was detected by the REPEATMASKER mail server (University of Washington Genome Center, Seattle, http://ftp.genome.washington.edu/cgibin/RepeatMasker, Repbase 20090604). There were 89 LINEs for the pig species in the Repbase [24] . Ultimately, 120,870 LINEs in the 2,041 LHGRs were used to calculate the LINE density (LINE numbers per Mb window) within different LHGR families. Due to the limited Alu data available for the pigs in Repbase, the Alu density along the LHGRs was ignored in this study. 
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